As a member of subgingival multispecies biofilms, Tannerella forsythia is commonly associated with periodontitis. The bacterium has a characteristic cell surface (S-) layer modified with a unique O-glycan. Both the S-layer and the O-glycan were analyzed in this study for their role in biofilm formation by employing an in vitro multispecies biofilm model mimicking the situation in the oral cavity. Different T. forsythia strains and mutants with characterized defects in cell surface composition were incorporated into the model, together with nine species of select oral bacteria. The influence of the T. forsythia S-layer and attached glycan on the bacterial composition of the biofilms was analyzed quantitatively using colony-forming unit counts and quantitative realtime polymerase chain reaction, as well as qualitatively by fluorescence in situ hybridization and confocal laser scanning microscopy. This revealed that changes in the T. forsythia cell surface did not affect the quantitative composition of the multispecies consortium, with the exception of Campylobacter rectus cell numbers. The localization of T. forsythia within the bacterial agglomeration varied depending on changes in the S-layer glycan, and this also affected its aggregation with Porphyromonas gingivalis.
| INTRODUCTION
To proliferate and persist in their habitat, bacteria tend to live predominately in biofilms, which are highly complex and dynamic, polymicrobial communities providing protection from shear forces and host immune responses. 1 In the oral cavity, multispecies biofilms constitute what is known as "dental plaque". 2 In a healthy individual, the oral bacteria exist in a natural balance with their host. However, different factors such as smoking, diabetes, genetic predisposition, or poor dental hygiene can cause the community to become dysbiotic, 3, 4 enabling potentially pathogenic bacteria to increase in numbers and cause persistent infections, such as periodontitis.
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It has been recognized that periodontitis has a polymicrobial biofilm etiology and is primarily characterized by a shift in the microbial composition and promotion of growth of Gram-negative anaerobes; among these are the periodontal pathogens Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia. 5 These so-called "red complex" bacteria are able to subvert host immune responses, modulate the infection process within the subgingival pocket, and promote dysbiosis through the expression of virulence factors. 6 In the case of P. gingivalis, interbacterial interaction and adhesion to host cells are facilitated through the production of colonization factors such as hemagglutinins and fimbriae. 7 The latter also induce the expression of pro-inflammatory cytokines, such as interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factorα (TNFα), 8 stimulating the immune response during infection. Porphyromonas gingivalis further possesses a set of specialized cell surface cysteine proteinases, the gingipains. They can modulate the host immune response through T-cell receptor cleavage, 9 proteolytic processing of components of the complement system, 10 activation of protease-activated receptors, and inactivation of pro-and anti-inflammatory cytokines. [11] [12] [13] [14] The oral spirochete T. denticola is the only motile member of the "red complex" consortium. 15 Through the expression of flagellar, chemotactic, and proteolytic factors, T. denticola is able to penetrate and directly interact with the gingival epithelium and underlying connective tissue. 16, 17 Here, the principal immunogenic surface antigen of T. denticola, the major sheath protein Msp, facilitates actin remodeling and reorganization in host cells and thereby impairs neutrophil chemotaxis and phagocytic activity. [18] [19] [20] Through the action of a surface-associated protease dentilisin, T. denticola has been shown to modulate host cell immune responses by degradation of IL-1β, IL-6, TNFα, and monocyte chemoattractant protein 1. 21, 22 Like T. denticola, T. forsythia is characterized by its fastidious growth requirements and is, especially through its initial recalcitrance to genetic manipulation, a less characterized member of the "red complex" consortium. It has been shown to express several putative virulence factors; 23 among them is its characteristic two-dimensional (2D) crystalline cell surface (S-) layer. 24, 25 Tannerella forsythia is the only member of the "red complex" consortium that possesses an S-layer fully covering the bacterial cells; this is formed by selfassembly of the two S-layer proteins TfsA and TfsB, 25 both of which are modified by a unique, complex, branched dekasaccharide that is synthesized by the general protein O-glycosylation system of the bacterium 26 (Table 1 ). This dekasaccharide is O-glycosidically bound to multiple serine or threonine residues within a D(S/T)(A/I/L/M/T/V) amino acid target motif present on TfsA and TfsB, but also on several other T. forsythia proteins. 26 S-layer protein glycosylation was shown to be completed in the bacterial periplasm before glycoprotein export via a type IX secretion system 27, 28 followed by anchoring of the glycoproteins in the cell envelope and equimolar self-assembly into the mature S-layer lattice at the cell surface. Given the nanometer-scaled periodicity of the 2D S-layer lattice, this strategy results in a highdensity cell surface display of O-glycans. This surface glycosylation affects the physicochemical properties of the bacterial cell surface through the introduction of charged sugar residues (for structure of the O-glycan see Table 1 ) and modulates bacterial cell hydrophobicity. The prominent cellular location and abundance of the O-glycan as well as the S-layer matrix itself make them ideal candidates for influencing interbacterial or bacterium-host interactions as may occur in oral biofilms.
In biofilms, the physical properties of the bacterial cell surface come into play, as initial attachment by planktonic bacteria to a substrate is primarily influenced by factors such as surface charge, hydrophobicity or electrostatic interactions, whereas the formation of a stable biofilm is facilitated by specialized surface components such as flagella, fimbriae, or pili and the production of an exopolysaccharide matrix. 29, 30 The oral bacterium Streptococcus sanguis, for instance, has been shown to largely depend on hydrophobic effect interactions for adhesion to the salivary pellicle. 31, 32 Streptococcus parasanguinis, another early colonizer of the dental surface, requires glycosylation of the fimbria-associated adhesin Fap1 for the formation of stable biofilms. 33, 34 In Campylobacter spp., loss of flagellum glycosylation negatively affects the bacterium's ability to form microcolonies and, subsequently, biofilms. 35, 36 In Campylobacter jejuni, the flagellum is heavily glycosylated by the addition of O-linked pseudaminic acid (Pse) and legionaminic acid (Leg), 37, 38 a feature that has been shown to orchestrate the bacterium's virulence potential. 36 We recently found evidence that the T. forsythia ATCC 43037 wild-type strain carries a modified Pse residue as a terminal constituent of the S-layer O-glycan, 26 whereas in the clinical isolate T. forsythia UB4, this residue is present as its stereoisomer, Leg 39 (Table 1, see Supplementary material, Fig. S1 ). Pse (5,7-diacetamido-3,5,7, 9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid) as well as Leg (5,7-diacetamido-3,5,7,9-tetradeoxyd-glycerod-galacto-non-2-uloso nic acid) appear to be unique to bacteria. 39 They belong to the class of nonulosonic acids, acidic nine-carbon (C9) α-keto sugars, which are best represented by the sialic acid family abundantly displayed on the exterior of mammalian cells functioning in cell-cell communication and adhesion. 40 The T. forsythia S-layer has been described to facilitate adhesion to and invasion of gingival epithelial cells, 41 suppress pro-inflammatory cytokine production, 42 and inhibit monospecies biofilm formation; 28 however, without dissecting any potential contribution of the O- Table 1 ) -when cells were cultivated in an untreated polystyrene culture dish. 43 In contrast, deficiency in the O-glycan's terminal nonulosonic acid in a T. forsythia ATCC 43037 ΔpseC and a T. forsythia UB4 ΔlegC mutant, respectively, decreased biofilm formation on a mucin-coated surface. 39 Although these data together demonstrate the involvement of both S-layer and attached sugar moieties in monospecies biofilm formation, the question arises to what extent these observations are influenced by the physical properties of the surface provided for cell attachment and, above that, demand an investigation into if and how the described effects translate into a multispecies biofilm that more adequately mirrors the in vivo situation. As part of a multispecies biofilm consortium, T. forsythia needs to interact with numerous other bacteria. How these interactions are mediated and whether they depend on the T. forsythia S-layer and/or its Oglycosylation has yet to be elucidated.
Based on the analysis of planktonic and monospecies biofilm growth, we employed in this study the subgingival "Zurich biofilm model" 44 to investigate how the T. forsythia wild-type strains ATCC 43037 and UB4 and defined cell surface mutants thereof perform in a multispecies consortium. Through the incorporation of 10 different species of oral bacteria in the biofilm, this in vitro model mimics the natural situation in the oral cavity, whereby several microbial species assemble and grow together in the form of a biofilm, and therefore poses an excellent platform to dissect the role of individual species within the community. In the in vitro model, the selected oral bacteria, including the three "red complex" species out of which T. forsythia was varied, were co-cultivated to form biofilms on pellicle-coated hydroxylapatite (HA) disks in saliva and serum-containing growth medium. 12, [45] [46] [47] [48] [49] Tannerella forsythia wild-type strains and mutants with different cell surface glycosylation patterns as well as an S-layerdeficient mutant were introduced in order to monitor their biofilm growth as well as the structural behavior of the biofilm communities as a whole. Ashu Sharma. In addition to that, the S-layer-deficient mutant T. forsythia ATCC 43037 ∆tfsAB 41 was included in this study. This mutant lacks Slayer glycans due to the absence of the S-layer, but may expose underlying R-type lipopolysaccharide 52 or even O-glycans present on outer membrane glycoproteins that become exposed upon removal of the Slayer. 53 All T. forsythia strains and mutants used in this study, together with their cell surface composition, are summarized in Table 1 .
| METHODS

| Bacterial strains
| Monospecies biofilm growth of T. forsythia
The monospecies biofilm behavior of all T. forsythia strains and mutants included in this study was analyzed in a microtiter plate assay. 39 In brief, bacteria were passaged once before biofilm inoculation at an optical density at 600 nm (OD 600 ) of 0.05 and grown anaerobically for 6 days in 1 mL of half-concentrated brain-heart infusion medium, with supplements as above, 27 in 24-well polystyrene plates (STARLAB) coated with 5 mg mL −1 mucin (from bovine submaxillary gland; Sigma-Aldrich, Vienna, Austria) solution (in 0.1 mol L −1 sodium acetate buffer pH 4.5). In each experiment, two wells were used to determine the total cells of each strain and mutant, sterile medium served as negative control. For biofilm quantification, medium and planktonic cells were removed and the wells were washed once with 500 μL of PBS.
Subsequently, biofilms were resuspended in 1 mL of PBS and the OD 600 of the biofilm cell suspension was measured. Biofilm values were normalized to the corresponding absorbance (OD 600 ) of the total cells. Data represent mean values ±SD of four independent experiments with three replicates each and were analyzed by the unpaired Student's t-test.
| Multispecies biofilm cultivation
To set-up the "Zurich subgingival biofilm model", T. forsythia wildtype strains and defined cell surface mutants thereof ( 
| Quantitative analysis
Cell numbers were determined by serial dilution plating and CFU counting as well as qPCR on genomic DNA purified from biofilm samples. Cell numbers were taken as a measure for the bacterial growth rate within the biofilm.
For CFU counts, biofilm suspensions were diluted 1:10 4 and 1:10 5 in 0.9% NaCl and plated on selective agar plates ( 
| Structural analysis of biofilms
FISH staining was performed according to the protocol established by Thurnheer et al. 55 using the probe combinations listed in 
| RESULTS
| Monospecies biofilm formation of T. forsythia wild-type strains and mutants
Based on the observations that deficiency in the protein O-glycan's terminal nonulosonic acid triggers a decrease in biofilm formation of T. forsythia ATCC 43037 ∆pseC and T. forsythia UB4 ∆legC on a mucin-coated surface 39 and that T. forsythia ATCC 43037 ∆wecC possessing an even more truncated O-glycan forms more biofilm on untreated plates, 43 the biofilm formation capacity of all these strains was compared here in one microtiter plate assay, where the plates were coated with mucin to mimic the native situation on the tooth surface, and biofilm growth was quantified by OD 600 measurement of biofilm cells and normalized to the corresponding total cell mass for each strain.
In our setting, any manipulation of the cell surface decreased the capacity of the bacteria to form biofilms, as was evident in the absence of biofilms reached an average maximum OD 600 of 0.89 ± 0.21 and also here, the biofilm growth was reduced 1.3-fold in the nonulosonic aciddeficient mutant ∆legC. In both nonulosonic acid mutants, the growth behavior in the biofilm was restored to the levels of the respective parent strain, with an average maximum OD 600 of 0.50 ± 0.06 for ∆pseC comp and 0.84 ± 0.20 for ∆legC comp (Figure 1 ).
All deletion mutants also showed slower planktonic growth in liquid culture, as concluded from the determination of growth curves and doubling times (see Supplementary material, Fig. S2 and Table S1 ). Fig. S2 and Table S1 ).
| Determination of total biofilm cell numbers in the presence of T. forsythia strains and mutants in the subgingival "Zurich biofilm model"
Total The total cell number per biofilm was not significantly affected, regardless of which T. forsythia strain or mutant had been incorporated into the biofilm (Figure 2) . When comparing the total cell number of all biofilm bacteria as determined by strain-specific qPCR and CFU counts, the latter resulted in lower cell numbers, as only viable cells were enumerable. Both methods, however, provided reproducible results for each of the nine disks that were analyzed for each of the eight T. forsythia strains and mutants included in this study.
| Influence of T. forsythia wild-type strains on composition and structure of the subgingival "Zurich biofilm model"
First, the multispecies biofilm behavior of the T. forsythia wild-type strains ATCC 43037 and UB4 was compared with regard to bacterial growth and localization in the 10-species biofilm.
For quantitative analysis, the cell number of each individual species in the biofilm was determined by qPCR after 64 hours of F I G U R E 2 Comparison of colony-forming unit (CFU) counting and quantitative polymerase chain reaction (qPCR) for Tannerella forsythia wild-type strains and mutants in the subgingival "Zurich biofilm". Total bacteria for 10-species biofilms with different T. forsythia strains and mutants enumerated by CFU counts (red boxes) and qPCR (blue boxes) for three independent experiments with three technical replicates, each, are shown (Whiskers boxplots 5th to 95th centile)
incubation. The total cell number of all species, except for C. rectus OMZ388 (see below), was not affected by the incorporation of the different T. forsythia strains, but there was a clear difference in the biofilm growth of the T. forsythia strains ( Figure 3A ). In accordance with the results observed in monospecies biofilms (Figure 1) , also in the 10-species consortium, T. forsythia UB4 seemed to perform better with mean cell numbers higher by 11.9-fold when compared with the mean cell numbers of T. forsythia ATCC 43037
( Figure 3A Figure 3B ).
In contrast, T. forsythia UB4 was found in the form of microcolonies as well as singly dispersed close to the biofilm surface and in small clusters in deeper layers of the biofilm (Figure 3C ).
| Analysis of T. forsythia cell surface mutants in the subgingival biofilm
| Quantitative analysis
In order to assess to what extent the difference in biofilm growth of Contrary to their performance in monospecies biofilms (Figure 1) and their slower planktonic growth (see Supplementary material, (Figure 1 ).
Contrary to its behavior in monospecies biofilms, in the multispecies community, the reconstituted strain ∆legC comp could not restore the parent phenotype ( Figure 4B ).
As described before, at the high levels of T. forsythia UB4 wild-type that developed in the biofilm, cell numbers of C. rectus OMZ388 were elevated in comparison with biofilms harboring T. forsythia ATCC 43037. In biofilms containing the ∆legC mutant this effect was less pronounced, with C. rectus OMZ388 mean cell numbers being significantly decreased by 1.4-fold when compared with biofilms with UB4 wild-type (P≤.001) ( Figure 4B ). In the presence of the complemented strain ∆legC comp , the growth of C. rectus OMZ388 was significantly reduced when compared with biofilms harboring UB4 wild-type or ∆legC (P≤.001) ( Figure 4B ).
Given that in monospecies biofilm experiments as well as during planktonic growth, UB4 ∆legC comp was shown to behave in the same way as its parent strain (Figure 1 , see Supplementary material, Fig. S2 ), its impaired growth in the multispecies community suggests that the modification of this gene locus has a pleiotropic effect causing a growth defect in the environment of the multispecies biofilm.
| Evaluation of the biofilm structure by CLSM
Since changes in the cell surface composition of T. forsythia did not affect the numeric composition of the 10-species biofilms, FISH staining Similar to the T. forsythia ATCC 43037 wild-type, both the ATCC 43037 ∆pseC and the ATCC 43037 ∆wecC mutants were detected at the biofilm surface. Whereas ∆pseC was also found singly dispersed and in pronounced cell clusters at the biofilm surface, with only very few cells being detected ( Figure 5A) , ∆wecC formed dense superficial clusters ( Figure 5B) . The S-layer-deficient mutant T. forsythia ATCC 43037 ∆tfsAB was observed as small microcolonies scattered along the surface as well as in the form of single cells dispersed in the upper layers of the biofilm ( Figure 5C ).
Tannerella forsythia ATCC 43037 ∆wecC formed clearly distinguishable aggregates with P. gingivalis OMZ925, an effect that was not observed for the other T. forsythia strains and mutants analyzed.
In contrast to biofilms incorporating other T. forsythia strains and mutants, in ∆wecC biofilms, cells appeared to grow less dense, as seen Given the demonstrated growth-promoting effect of T. forsythia UB4 wild-type ( Figure 3A) and T. forsythia ATCC 43037 ∆tfsAB ( Figure 3A ) on C. rectus OMZ388, dual FISH stainings were performed to determine a possible coaggregation of these species (Figure 6 ). In the section of the biofilm shown in the CLSM images, a high number of T. forsythia cells was detected for both ATCC 43037 and UB4 wildtype strains. Both were present as single cells throughout the whole biofilm structure as well as in small clusters close to the biofilm surface in the case of the ATCC 43037 wild-type ( Figure 6A ) and in deeper layers for the UB4 wild-type ( Figure 6B ), as had been found before ( Figure 3B, C) . The S-layer mutant ∆tfsAB was present in the form of clusters in close proximity to the HA-disc surface in a relatively thin section of the biofilm ( Figure 6B ). Campylobacter rectus OMZ388 cells appeared in the form of irregularly interspersed microcolonies in all layers of the biofilm.
Although it was obvious that, compared with the ATCC 43037 wild-type strain ( Figure 6A ), C. rectus OMZ388 cell numbers in the biofilm were elevated in the presence of the UB4 wild-type strain ( Figure 6B ) and the ATCC 43037 S-layer mutant ∆tfsAB ( Figure 6C ), co-localization, which would be a prerequisite of a direct interaction Fig. S3C ).
| DISCUSSION
The purpose of this study was to analyze different T. forsythia wildtype strains and selected mutants thereof with defined differences in cell surface composition with regard to their behavior in a multispecies biofilm community. First we showed that the monospecies biofilm lifestyle of T. forsythia was clearly influenced by its S-layer and ∆legC. 39 In this study, this effect was confirmed for a mutant with an even more truncated O-glycan ATCC 43037 ∆wecC as well as for the S-layer-deficient mutant ATCC43037 ∆tfsAB (Figure 1 ). For the nonulosonic-acid-deficient mutants, biofilm formation could be fully restored in the complemented mutants, suggesting a direct correlation between loss of the terminal sugar residue and reduced biofilm formation. These data were derived from biofilm experiments using mucin-coated polystyrene plates and are contradictory to previous findings by others, where on untreated polystyrene, biofilm formation was enhanced for the ATCC 43037 ∆wecC mutant. 57 In their natural habitat, mucin provides an initial adhesion site and nutrient source for bacteria and fosters biofilm growth. 58 Mucin coating introduces highly hydrophilic properties to the otherwise hydrophobic polystyrene surface. 59 Bacterial adhesion and interaction is influenced by hydrophobic interactions as well as steric forces and charge effects. 60 The decrease of biofilm formation of strains that lack one (∆pseC, ∆legC) or more (∆wecC) charged sugar residues on a hydrophilic surface documented in this study vs the previously observed opposite effect on a hydrophobic surface 57 shows that biofilm behavior is decisively influenced by the properties of the surface provided for attachment.
In this study, we investigated polymicrobial biofilms that approximate the native situation in the oral cavity much better than a planktonic or monospecies biofilm culture and, therefore, constitute an ideal system to examine the growth performance of individual species and strains. When introduced into in vitro 10-species subgingival biofilms, alteration of the bacterial cell surface composition as present in the defined mutants did not impair the growth behavior of T. forsythia in terms of cell numbers per biofilm ( Figure 4A) . Interestingly, at the wild-type level, T. forsythia UB4 occurred in higher numbers than T. forsythia ATCC 43037 (Figures 1, 3A, 4A) , which may indicate a better adaptation of T. forsythia UB4 to the niche. Fig. S3 ). Alteration of the cell surface might, therefore, change the way that cells interact with each other within the microcolonies and multispecies cell aggregations. As cell surface glycosylation affected biofilm formation on a mucin-coated surface (Figure 1) , it is tempting to speculate that the decreased ability to adhere to the heavily sialylated salivary glycoprotein mucin in a monospecies biofilm setting is mirrored in the multispecies consortium in a way that T. forsythia cell surface mutants might exhibit an altered capability to adhere to sialic-acid-like structures present on other oral bacteria, such as streptococci or Campylobacter species 37, 38 and, thereby, vary their localization within the multispecies consortium.
From the other bacterial species in the multispecies biofilm, C. rectus OMZ388 seems to be strongly affected by the T. forsythia cell surface composition. Upon presence of the T. forsythia ATCC 43073 ∆tfsAB mutant, which is deficient for the S-layer and, hence, also the attached O-glycans, C. rectus OMZ388 was increased in its cell numbers per biofilm ( Figures 3A, 4A, 6C ). Hence, it is conceivable that in the native multispecies situation, the glycosylated S-layer as an entity (ATCC 43037) might have a regulatory role in keeping C. rectus cell numbers below a certain threshold. In fact, a previous proteomic analysis of T. forsythia biofilms identified the two S-layer proteins TfsA and TfsB to be upregulated in comparison with the planktonic cells, 61 which underlines the importance of the S-layer for the biofilm lifestyle of the bacterium. The causative factors and underlying mechanism for the increased growth of C. rectus OMZ388 in biofilms harboring the T. forsythia ATCC 43037
ΔtfsAB mutant still await further investigation. Structural analysis of these biofilms and coaggregation assays performed so far suggest that the observed growth effect is independent of a direct interaction between the two species ( Figure 6 , and see Supplementary material, Fig. S3 ). Campylobacter rectus is often associated with periodontal disease 5, 62 where it occurs in elevated numbers in the deep periodontal pockets. 63, 64 Campylobacter spp. have long been described as of clinical relevance. 65, 66 They are Gram-negative, microaerophilic bacteria whose motility is conferred by a single polar, glycosylated flagellum. 67 Even though little has been described about C. rectus flagellar glycosylation, the bacterium possesses the genetic make-up for Pse biosynthesis (V.
Friedrich, M. L. Braun, S. Bloch, C. Schäffer, unpublished observation) and, interestingly, also covers its cells with a 2D S-layer. [67] [68] [69] For P. gingivalis and T. forsythia, a direct synergistic interaction has been described previously, albeit for another strain. 70 In the biofilms analyzed in this study, P. gingivalis OMZ925 seemed to strongly co-localize with T. forsythia ATCC 43037 ∆wecC ( Figure 4B ) but was not affected in its growth by the T. forsythia cell surface composition ( Figure 4 ). Coaggregation of P. gingivalis OMZ925 with T. forsythia did not differ significantly between T. forsythia wild-type strains ATCC 43037 and UB4 and their respective mutants and a preferential direct interaction of P. gingivalis OMZ925 with T. forsythia ATCC 43037 ∆wecC could not be observed. Porphyromonas gingivalis outer membrane vesicles enhance attachment to and invasion of epithelial cells by T. forsythia, 71 co-infection of T. forsythia and P. gingivalis increases abscess formation in a mouse model, 72 and T. forsythia cell extracts have been shown to have a growth-promoting effect on P. gingivalis. 73 In support of the synergistic interaction between the two species, Bao et al. described, in the very same experimental model as used here, reduced growth of T. forsythia in multispecies biofilms containing a P. gingivalis Lys-gingipain-deficient strain. 12 However, despite this observation, the molecular mechanism of coaggregation between the two pathogens is still unclear. 74 In conclusion, the present study shows that the growth of T. forsythia in an in vitro multispecies biofilm, as represented by the "Zurich biofilm model", does not depend on the bacterium's cell surface composition. Deletion of one or more sugars (T. forsythia ATCC 43073 ∆pseC, ∆wecC, T. forsythia UB4 ∆legC) has a disadvantageous effect on neither the biofilm growth of T. forsythia, nor on overall cell numbers in the biofilm. Tannerella forsythia is able to establish itself in the multispecies consortium even without an S-layer (T. forsythia ATCC 43073 ∆tfsAB).
These findings suggest that the glycosylated S-layer of T. forsythia does not play a crucial role in regulating the bacterium's growth in a multispecies biofilm. Nevertheless, we observed that it affected the bacterium's localization in the biofilm, the interaction with C. rectus, for which the glycosylated S-layer has a growth retarding effect, and its co-localization with P. gingivalis, which is increased upon a three-sugar truncation of the O-glycan in the T. forsythia ATCC 43037 ∆wecC mutant. Hence, changes in the S-layer and surface glycosylation of T. forsythia might actually contribute to the bacterium's virulence potential by promoting structural arrangements within in the biofilm. Whether this contributes to the immune evasion of the biofilm-associated species needs to be tested in functional interaction assays with host cells.
